Introduction
A great deal of energy has been expended optimizing methods for the chemical fixation of dinitrogen. [1] [2] [3] [4] [5] [6] [7] Of these methods, the Haber-Bosch process, that forms NH 3 from N 2 and H 2 , is the most well-studied and currently the most widespread process for nitrogen fixation. 8 Ammonia produced by this process may be incorporated into organic molecules in a subsequent synthetic step. However, a more synthetically efficient route to nitrogencontaining organic molecules would directly incorporate N 2 into organic fragments without the intermediacy of ammonia. [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] Such a synthetic protocol could be designed to avoid the need for H 2 , which currently is formed by steam reforming of CH 4 producing the greenhouse gas CO 2 . Therefore, the development of new chemical methods to incorporate nitrogen atoms into organic molecules without the need for reduction of N 2 to ammonia would effect both a more efficient and environmentally benign production of nitrogen-containing organic molecules. For these reasons, this area of research is under active exploration. [11] [12] [13] [14] [15] [16] [17] [18] [19] In order to bypass traditional schemes for nitrogen fixation, it is important that the product of N 2 transfer be a useful synthetic precursor for organic reactions. One class of compounds that meets this criteria is that of the diazoalkanes, which are important precursors to nitrogen-containing organic molecules. These molecules react by 1,3-dipolar addition reactions to incorporate both nitrogen atoms into organic functional groups. [20] [21] [22] Thereby, diazoalkanes are used as synthons for pyrazolines, [23] [24] [25] [26] [27] compounds used in asymmetric ligand 25 and drug design. 28, 29 Diazoalkane complexes may be made from coordinated N 2 , such as one N 2 ligand in (N 2 ) 2 M(diphos) 2 (M = Mo, W; diphos = chelating diphosphine), 1, 17, 20, [30] [31] [32] or by treatment of a transitionmetal fragments with an organic diazoalkane to form a coordination complex. [33] [34] [35] [36] [37] [38] [39] [40] For instance, photolysis of gemdibromides (i.e., Me 2 CBr 2 ) in the presence of (N 2 ) 2 W(diphos) 2 has been shown to afford [Me 2 CNNW(diphos) 2 Br] + . 31 An alternative route to diazoalkane complexes of this type has been accomplished by the sequential treatment of (N 2 ) 2 M(diphos) 2 with a strong acid followed by an aldehyde. In those diazoalkane complexes that are prepared by addition of an organic diazoalkane to a transiton-metal complex, either hydrazones or diazenes may serve as precursors to the diazoalkane ligand. 41, 42 In many cases, compounds arrived at by either synthetic route are stable with regard to N 2 loss that would lead to formation of a carbene compex. 1, 20, 33, [43] [44] [45] [46] However, diazoalkanes also remain synthons of choice to generate metal carbenes. [33] [34] [35] [36] [37] [44] [45] [46] [47] [48] [49] [50] [51] [52] Given that diazoalkane complexes may be made by addition of a diazoalkane to a coordinatively unsaturated transition metal complex, one might expect that Ph 2 CN 2 would add to Mo(N[tBu]Ar) 3 to form a diazoalkane complex, in analogy to the oddelectron compound PhCNMo(N[t-Bu]Ar) 3 (Ar = 3,5-C 6 H 3 Me 2 ). 4 ] depicts two doublets of doublets centered at 384 and 417 ppm. These values agree well with the chemical shifts of 397 and 422 ppm obtained from DFT calculations (Table S1 ). The deshielding of these nitrogen nuclei has been attributed to lowenergy n N → π* circulations. 62 The observed 1 J NN = 17 Hz coupling is consistent with literature data for metal diazenido compounds in which the metal-N-N angle is approximately linear. 62 We assign the more downfield signal as the nitrogen bound to Mo based upon both proton coupling and comparison to related compounds such as Me 3 SiNNMo(N[t-Bu]Ar) 3 . The protoncoupled 15 N NMR spectrum revealed N-H couplings of 3 J NH = 6 Hz and 2 J NH = 3 Hz consistent with the expectation that the magnitude of the 2 J NH coupling through an sp 2 hybridized atom will be smaller than that of the 3 J NH coupling for a planar diazoalkane ligand. 63 The synthesis of [1-H] [AlCl 4 ] requires both that an oxygen atom be removed from the aldehyde, breaking the C=O double bond, and that a C=N double bond be formed during the reaction. It is also a redox reaction in which molybdenum goes from the +4 to the +6 formal oxidation state. We found it interesting that such a transformation gave a diazoalkane-containing product in high yields. Moreover, the thermal stability of [1-H] [AlCl 4 ] contrasts with previous use of this diazoalkane, PhC(H)N 2 , to study carbene transfer reactions which occur via N 2 loss. 35, 41 Therefore, we sought to expand the synthetic methodology in a maner suitable for systematic comparison of the properties of such diazoalkane complexes. 41 For this purpose, we chose to vary the substituent in the 4-position of the diazoalkane aryl ring. This strategy allows us to draw upon linear free energy relationships established within the field of physical organic chemistry as a guide for comparison. 35, 64, 65 We found that with only minor modifications in the protocol, the synthesis of [1-H] 4 ] suitable for X-ray diffraction were grown from THF/n-pentane at -35 °C. The X-ray crystal structure of [1-H] [AlCl 4 ] shows that the three anilide ligands are oriented in the same direction, imparting a pseudo-C 3 symmetry to the lower hemisphere of the molecule that is broken by the C s symmetric diazoalkane ligand (Figure 1 ). The Mo-N4 distance of 1.7326 (18) Å suggests π bonding between Mo and the diazoalkane N. The N4-N5 distance of 1.336(2) Å and N5-C4 distance of 1.290(3) Å are consistent with the description that the diazoalkane ligand is reduced by backbonding from Mo. Accordingly, the N-N distance is substantially longer than what one would expect for a free diazoalkane (cf. 1.13(4) Å for H 2 CN 2 ). 66, 67 A slightly different set of internuclear distances were found in the single-crystal X-ray structure of [ Electronic and Vibrational Spectroscopy. Diazoalkane complexes typically have characteristic stretching modes that are suitable for study by vibrational spectroscopy. 20, 33 To gain information about the vibrational structure of the coordinated diazoalkane ligand, infrared and Raman spectroscopy data were collected for complexes [1-R] found a band at 1363 cm -1 that is described by a mixture of both the C-N and N-N stretching modes combined with a wagging of the hydrogen atom attached to the diazoalkane carbon. For this reason, the band at 1366 cm -1 is attributed to a highly coupled vibrational mode that contains both C=N and N-N stretching character.
Crystals of [1-H][AlCl
In the Raman spectrum of [1-H] 77 We suggest that this is because the two signals overlap in the spectrum of the labeled compound. The band located at 1193 cm -1 is both sharp and intense in the Raman spectrum, consistent with an N-N stretching mode. Moreover, this band shifts by 29 cm -1 upon isotopic substitution compared with the 40 cm -1 shift predicted by a harmonic oscillator model, further supporting the notion that the origin this band is a stretching mode of the N 2 unit. DFT calculations support the description of this vibration as a predominately N-N stretching mode. For [1-m] + a band of this type was found at 1148 cm -1 which is in close agreement with experimental data given the simplicity of the model system.
Given the wealth of data available for the IR-active, C=N stretching mode of coordinated diazoalkanes, information for the N-N stretching mode remains sparse in comparison to information concerning the same stretch for free diazoalkanes. 45 The All of the diazoalkane complexes studied have similar vibrational structure ( Table 1 ). There is no obvious Hammett trend present in the vibrational data, which may reflect the coupling of the multiple vibrational modes. Vibrational modes that have weak intensity in the infrared spectrum were not located for [ . Indeed, the NMe 2 substituent is found in many efficient organic fluorophores that emit from a CT state. 85 This is desirable for applications such as photooxidants that may be developed for use with a visible light source.
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Reductive Dimerization of Diazoalkane Ligands via C-C Bond Formation. Reduction of the diazoalkane salt, [1-H] 4 ] is selective for the formation of either the meso or rac product mixtures.
To identify the preferred stereochemistry of C-C bond formation, crystals suitable for X-ray diffraction were grown of [1-H] 2 . The molecule crystallizes on a C 2 axis and is therefore assigned as the rac isomer ( Figure 6 ). Anomalous scattering data confirmed that the crystallographic model with (R, R) stereochemistry corresponds to the enantiomer contained within the crystal. [86] [87] [88] The preferential formation of the rac isomer is in qualitative agreement with a radical-radical coupling in which a transition state leading to the rac product is favored. This is the only transition state that accommodates C-C bond formation with C41-C4-C4'-C41' and N5-C4-C4'-N5' angles that approximate 180°, minimizing unfavorable steric interactions between the two reaction partners. Likewise, reduction of both Inorganic Chemistry, Vol. xx, No. x, XXXX E Highly selective formation of the rac product for the dimerization of 1-R (R = H, Br, CN) is consistent with a number of mechanisms. If C-C bond formation were reversible, an equilibrium process involving [1-R] 2 and 2 equiv of 1-R could drive the dimer to the more stable stereoisomer. However based on the large difference in E P for [1-R] 0/+ and [1-R] 2 0/+ of approximately 900 mV (vide infra), this explanation appears unlikely. A related scenario is that formation of [1-R] 2 + by combination of 1-R and [1-R] + is rapid and reversible with respect to the second electron transfer. In such a mechanism, the stereochemical outcome of C-C bond formation might be explained by the relative stability of the two stereoisomers of [1-R] 2 + . An equally plausible possibility is that the two neutral radicals, 1-R, couple in such a way as to minimize steric repulsion which leads to a preferential formation of rac isomers. Electrochemical studies of the pinacol coupling involving 4-subsituted acetophenones show a modest preference for the formation of the rac isomers in basic media. 89 Although these results were attributed mainly to hydrogen bonding, similar electrodimerization of benzaldehyde did not discriminate between formation of rac or meso isomers. This angle is expected to be less than 180° in metal diazenido complexes. 62 Hoffmann has described the bonding in this functional group (generically, M-N-N-H) and found a codependence of the metal-N-N and N-N-H angles. 91 These calculations concluded that when the latter angle is 120°, the M-N-N angle is predicted to be 174°.
Electrochemical dimerization of coordinated diazoalkanes has been reported for two systems that contain W, eq. 1, 2. 92, 93 In only one case was the product soluble enough for spectroscopic and structural characterization, eq. 1. 93 In this case, reduction of [Me 2 CNNWCl(CO)(PMe 2 Ph) 3 ] + , is accompanied by loss of a phosphine ligand, therefore the reaction was carried out in the presence of CO to cleanly generate the C-C bonded product. Moreover, there is no possibility of forming diastereomeric products because the two faces of the diazoalkane ligand are identical. Reductive dimerization of d 0 diazoalkane complexes of W can also lead to the formation of a W-W bond with the terminal N-atom of the diazoalkane bridging the two W atoms, as opposed to C-C bond formation, eq. 3. Reductive dimerization of [1-R][AlCl 4 ] proceeds through the intermediacy of the odd-electron, diazoalkane complex 1-R, that is the initial product of 1e reduction. Therefore, it seemed natural to interrogate this process by electrochemical methods. Of initial interest was to compare the energy required for reduction of the cation to the neutral radical. A graph of the redox potential versus the Hammett parameter shows a large change in redox potential as a function of the substitution on the 4-R group of the diazoalkane ligand ( Figure 7) . A fit to the Hammett plot gave a ρ = -283 mV for the series R = NMe 2 , Me, H, Br, CN. Therefore, complexes having a diazoalkane bearing an electron donating group in the 4-position of the aryl ring deliver a more negative reduction potential than those that contain an electron withdrawing group. A parallel trend has been described for the reduction potential of [4-RC 6 H 4 C(H)NNM(dppe) 2 In cyclic voltammetry, the ratio of cathodic-to-anodic peak currents reflects the concentration in solution for the generation and decay of electroactive species. Therefore, monitoring this ratio as a function of scan rate is a sensitive marker of how much electroactive species is in solution. 96 The height of the cathodic wave that produces 1-H varies linearly with the square-root of scan rate -as expected for a 1e reduction (Figure 8) . 96, 97 However, the anodic current corresponding to oxidation of 1-H grows in more quickly than predicted by the scan rate variation. This behavior shows that in 1 mM solution 1-H is long-lived enough to be oxidized prior to dimerization at sufficiently fast scan rates. The low anodic peak current for slow scan rates indicates that depletion of 1-H in solution, via dimerization, is fast relative to the timescale of the electrochemical experiment. Consistent with a bimolecular dimerization reaction, cyclic voltammograms of under the same conditions (1 mM solutions at a scan rate of 100 mV/s), the wave corresponding to +/0 appears more reversible than that for [1-H] +/0 because the ratio of cathodic-toanodic peak currents is closer to unity. Assuming that the oddelectron diazoalkane complexes, 1-R, have similar diffusion behavior, we would conclude that this ratio should be the same for all three substituents. This result demonstrates that the dimerization process is not diffusion limited. The dimerization reaction that forms [1-H] 2 as a product by reduction of [1-H] + has two limiting mechanisms. Two equiv of the neutral, odd-electron compound 1-H may dimerize forming a C-C bond. Alternatively, 1-H may react with [1-H] + to form an intermediate complex [1-H] 2 + that is subsequently reduced (either by addition of 1e from an electrode or a disproportionation reaction). These two mechanisms may be discriminated by monitoring the changes in the cathodic peak potential as a function of scan rate. In the radical-radical coupling case a slope of -19 is expected for such a plot while a slope of -29 is expected for a radical-cation coupling. 96, 99 Our attempts to make this distinction were not reliable, presumably due to the high resistance of anhydrous media. Except for in the immediate vicinity of the electrode surface, the concentration of [1-H] + is always expected to be higher than the concentration of 1-H, raising the question as to whether chemical reduction of these cations would necessarily follow the same mechanism that predominates under electrochemical conditions. We favor the notion that this dimerization proceeds by radical-radical coupling, by analogy with the well-studied radical-radical dimerization of the persistent radical, PhCNMo(N[t-Bu]Ar) 3 , 53-55,100 but do not rule out a mechanism in which [1-R] 2 is formed by a radical-cation dimerization followed by fast electron transfer.
Inorganic Chemistry, Vol. xx, No. x, XXXX G Savéant has described the electrodimerization of aromatic aldehydes in great detail. 96, [101] [102] [103] [104] [105] The mechanism of dimerization has been shown to be a radical-radical coupling of two pinacolate radical anions generated at the electrode. The reaction proceeds at rates much slower than the diffusion limit, and specific solvation by water has a large effect on the measured rate of this reaction. 105 The activation barrier to this reaction has been attributed to entropy requirements in the C-C bond forming step. 96, 102, 103 A reduced spin density on the carbon atom brought about by delocalization of the unpaired electron onto the aromatic group both stabilizes the intermediate and raises the entropic requirement for C-C bond formation. Therefore, increasing the amount of radical character at the carbon participating in C-C bond formation generally increases the rate of dimerization. Dimerization at carbon suggested to us that the unpaired electron resides partially on the diazoalkane carbon atom. To investigate the electronic structure of the transient radical intermediate, DFT calculations were performed on the model complex PhC(H)NNMo(NH 2 ) 3 , 1-m. For a starting geometry the halfmolecule that occupies the asymmetric unit in the crystal structure of [1-H] 2 was used and the anilide ligands were replaced with NH 2 donors. During the geometry optimization, the initially pyramidal diazoalkane carbon atom became planar as expected for an sp 2 hybridization at carbon. In 1-m, the SOMO is destabilized by approximately 1.5 eV with respect to the SOMO-1 (Figure 10 ).
Approximately 15% of the SOMO resides on the diazoalkane carbon atom and 43% on Mo (Figure 11 ). Experimental evidence for the delocalization of unpaired spin density onto diazoalkane ligands has been provided by study of the reduction of [4-RC 6 H 4 C(H)NNMo(dppe) 2 4 ] in an EPR probe. 95 An EPR resonance centered at g = 2.01 was split into a quintet by hyperfine interaction of 2.6 mT from 14 N nuclei. Delocalization of the SOMO of 1-m onto the aryl ring suggests that a para substituent could influence the stability of the SOMO and the relative spin densities for atoms along the diazoalkane fragment. This provides a model for the variation in reduction potential and lifetime of 1-R with variation of the substituent. Electrochemical oxidation of the dimers [1-R] 2 gives a broad anodic wave in the cyclic voltammogram with a peak current approximately twice the magnitude of the wave corresponding to the cathodic [1-R] +/0 couple ( Figure 12) . Therefore, the oxidation of [1-R] 2 was assigned as a 2e wave that occurs as a result of two consecutive 1e oxidation events. 96 Behavior of this kind is expected for an electrochemical oxidation in which the second electron is removed more easily than the first. 106 Consistent with this reasoning is the difference between the oxidation potential of [1-R] 2 and that of the neutral 1-R, as the potential of the latter lies approximately 1 V negative of the former. A frequently invoked mechanism for reactions of this type is the ECE reaction, wherein oxidation of the dimer, [ 99, 106 Interested in the electronic effects of the para substituent, we investigated oxidative cleavage for [1-R] 2 . One would expect that the electronic influence of the substituent to be less dramatic in the case of dimer oxidative cleavage than was observed for reductive coupling of After the transient radical 1-H dimerizes to form a C-C bond, 2e are formally stored in a C-C bond. We sought to engage these electrons in a reaction that would return the starting material, [ Related examples of redox non-innocent C-C bonds have been studied for their capacity to act as charge storage devices. Metallocumulenes such as Cp(Et 2 PCH 2 CH 2 PEt 2 )Mn=C=CH 2 participate in oxidative coupling reactions to form a C-C bonded dimer that formally stores two holes. [107] [108] [109] The complementary function, electron storage, is accomplished by [1-H] 2 . Combination of hole and electron storing molecules is a goal in the development of molecular batteries. 109 Only a few systems have been described that carry out both functions, such as Floriani's [M(salophen)] n (n = 2, 0, -2). [110] [111] [112] [113] Therefore, it has become desirable to find mixedmolecule systems for charge storage. These systems expand the scope of molecular charge storage technology, and make it possible to tune the electrochemical difference between the hole and charge storage compartments of the molecular battery.
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Conclusions
A new synthetic route to diazoalkane ligands from N 2 has been described. Characterization of the complexes, [ 4 ] forms a transient odd-electron complex, 1-R. The structure of this odd-electron intermediate was probed using quantum chemical calculations. Future work might be aimed at liberation of the coordinated diazoalkane from the metal scaffold and the application of C-C coupled diazoalkane ligands in charge storage devices.
Experimental Procedures
General Remarks. All manipulations were carried out under an atmosphere of purified nitrogen in a Vacuum Atmospheres Model MO-40M glovebox equipped with the QP-30 accessory, or by standard Schlenk techniques. 114, 115 Inside the MO-40M glovebox the ambient temperature ranged from 18-22 °C. All glassware was oven-dried at a temperature above 150 °C for at least 12 hours and allowed to cool under dynamic vacuum prior to use. Celite, alumina, and 4 Å sieves were activated by heating to a temperature greater than 180 °C under a dynamic vacuum for 2 d (Celite) or 5 d (alumina and 4 Å sieves). Et 2 O, n-hexane, n-pentane, and toluene were bubble degassed with nitrogen and forced, under positive pressure, through a column of activated alumina followed by a column of activated Q5.
116 CH 2 Cl 2 was bubble degassed with nitrogen and forced, under positive pressure, through two columns of activated alumina. 116 THF was dried over sodium metal and distilled from dark purple solutions of sodium benzophenone ketyl. MeCN was taken from an Aldrich Sure-Seal bottle, filtered through a column of activated alumina (4 × 3 cm), and degassed under a dynamic vacuum. O(SiMe 3 ) 2 was distilled from dark purple solutions of sodium benzophenone ketyl. CHCl 3 was refluxed over CaH 2 for 48 h prior to distillation. All solvents were stored over 4 Å sieves. C 6 D 6 was degassed by three freeze-pumpthaw cycles and stored over 4 Å sieves for 3 d prior to use. CDCl 3 and CD 2 Cl 2 were refluxed over CaH 2 for 24 h then distilled and stored over 4 Å sieves. 180° reflectance through the objective of the Raman microscope at a laser power of 30 mW. Reported Raman spectra are an average of 8 spectra, each collected for 2 s using an automated routine in Hololab software to automatically correct for the dark current. The averaged spectrum has the solvent signals subtracted and was subsequently baseline corrected using GRAMS software. Raman shifts are reported in reference to an external standard of neat cyclohexane (801.3 cm -1 ). Electrochemical Measurements. A Bioanalytic Systems CW-50 potentiostat, 1 mm diameter Pt disk working electrode, Pt wire counter electrode, and Ag wire pseudo-reference electrode were used for all measurements. All electrochemical measurements were made in 0. Single Crystal X-ray Diffraction. X-ray diffraction data were collected using a Siemens Platform three-circle diffractometer coupled to a Bruker-AXS Smart Apex CCD detector with graphitemonochromated Mo Kα radiation (λ = 0.71073 Å), performing φ-and ω-scans. The molecular structure was obtained by direct methods using SHELXS 118 and refined against F 2 on all data by full-matrix least squares with SHELXL-97 119, 120 All non-hydrogen atoms were refined anisotropically; all hydrogen atoms were included into the model at their geometrically calculated positions and refined using a riding model except for the hydrogen atom labeled H1 in the structures for 121-123 The geometry of 1-m was optimized using the local exchange-correlation potential of Vosko et al. 124 (VWN) augmented self-consistently with gradient-corrected functionals for electron exchange according to Becke 125 and for electron correlation according to Perdew. 126, 127 This nonlocal density functional is termed BP86 in the literature. 128 All other calculations were carried out using the OLYP functional which is a combination of the OPTX exchange functional of Handy and Cohen used with Lee, Yang, and Parr's nonlocal correlation function (LYP). [129] [130] [131] For all calculations, relativistic effects were included using the zero-order regular approximation (ZORA). 132, 133 The basis set used was the allelectron ADF ZORA/TZ2P (triple ζ with two polarization functions) basis. NMR spectroscopy chemical shifts and coupling constants were obtained from optimized geometries of the full molecules [ 6 ] (135 mg, 408 mmol, 2 equiv) as a solid. Upon thawing of the initially yellow solution, an immediate color change to red-orange occurred. The mixture was allowed to stir at 20 °C for 20 min. The mixture was filtered through celite and the celite pad was washed with 5 mL of THF. The combined filtrate was dried under a dynamic vacuum to afford a red-orange powder. The powder was stirred in 15 mL n-pentane at 20 °C for 15 min to form a yellow solution, presumably containing the Cp 2 Fe byproduct, that was removed by filtration. The red solids that remained atop the frit were washed with npentane (5 mL × 2) until the washings were colorless, and dried under a dynamic vacuum (280 mg, 315 mmol, 78%), mp = 186-192 °C (dec 
